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Here we present data showing selective suppression of excitatory synaptic transmission by norepinephrine in the piriform cortex, and we show how this cellular effect of norepinephrine can enhance signal-to-noise ratio in a computational model by altering the relative influence of recurrent fibers in layer Ib. Extracellular recording electrodes were used to record synaptic potentials from the layer being stimulated.
M E T H O D S

Brain slice physiology
When initially obtained, the synaptic potentials were elicited for 10-34 min to determine that they had stabilized, and a baseline Experiments were performed on brain slice preparations of the height was measured. For measurement of the dose-response curve piriform cortex from albino Sprague-Dawley rats using standard for norepinephrine, the chamber then was perfused until peak suptechniques Bower pression was determined to have been reached (10-12 min) after 1991, 1992). Rats were anesthetized with halothane and decapiwhich perfusion with normal solution was resumed. The washout tated. Brains were removed from the skull and mounted on a vibrawith normal solution was considered completed when the peak tome for slicing of 400-mM thick coronal slices (i.e., perpendicular height was within the range of 90-100% of the baseline level. to the laminar organization of the piriform cortex). Slices were Measurement of the interaction of cholinergic and noradrenergic maintained at room temperature in the following solution (in mM): modulation involved sequential perfusion of the slice chamber with 26 NaHCO 3 , 124 NaCl, 5 KH 2 PO 4 , 2.4 CaCl 2 , 1.3 MgSO 4 , and norepinephrine and with the cholinergic agonist carbachol. Carba-10 glucose and bubbled with 95% O 2 -5% CO 2 for a minimum of chol was used because of its resistance to breakdown by acetylcho-1.5 h before recording. The same solution was perfused through linesterase. Use of acetylcholine requires fast application or blockthe slice chamber during recording.
ade of endogenous acetylcholinesterase with substances such as For recording, the slice was mounted on a nylon grid in a stanneostigmine (Hasselmo and Bower 1992) . In these experiments, dard submersion-type slice chamber, with temperature maintained after a stable baseline height was obtained, the slice chamber was at 35ЊC using a temperature controller. Stopcocks and an isometric perfused with the following sequence: norepinephrine, washout, pump were used to maintain the superfusion of bathing medium carbachol, washout, norepinephrine plus carbachol, washout. A at Ç3 ml/min. similar set of experiments was performed in the order carbachol, Extracellular field potential recordings were obtained with elecnorepinephrine, combination. Data on combined effects of the cartrodes of Ç5 MV impedance containing 3 M sodium chloride. The bachol and norepinephrine present numbers from these separate laminar segregation of afferent and intrinsic fibers in this region experiments. allowed differential stimulation of either the afferent input from the lateral olfactory tract (LOT: layer Ia) or the association connections between cortical pyramidal cells (layer Ib), as shown in Fig. Computational modeling 1. Bipolar tungsten stimulating electrodes were guided visually into either the afferent fiber layer (layer Ia) or the association fiber
To understand the role of suppression of synaptic transmission by norepinephrine in the piriform cortex, we incorporated the cellulayer (layer Ib) and adjusted to obtain clear postsynaptic potentials. Recording electrodes were placed in the layer being stimulated. lar data on effects of norepinephrine into a network simulation of the piriform cortex. This allowed analysis of how these effects can Layer Ia is differentiated easily from layer Ib because of its greater opacity, while the greater translucence of the cellular layer II can be lead to specific functional interpretations. Modeling used a network structure described in previous publications (Linster and Hasselmo used to identify the lower border of layer Ib. To ensure maximum segregation of field potential responses, the layer Ia electrodes were 1996, 1997). Simulations were run on a SUN Sparcstation20 using a previously developed software package written in C by Dr. Linsplaced very high in the layer, among the myelinated fibers in layer Ia, while layer Ib electrodes were placed close to the layer II cell ter. The network contains populations of neurons representing pyramidal cells and interneurons in the piriform cortex. bodies. Stimulation duration was of 0.1 ms, and stimulus amplitude was between 0.08 and 0.45 mA in layer Ia and between 0.009 to This model draws on extensive previous anatomic and physiological research on the olfactory cortex (see Haberly 1985; Haberly and 0.35 mA in layer Ib.
Single pulse stimulation to layer Ia and Ib was delivered using Bower 1989 for review). The model consists of 50 pyramidal cells and 50 each of feedback and feed-forward interneurons (Fig. 2) . a Neurodata PG4000 throughout the experiment. The interstimulus interval was 10 s. To measure the effects of carbachol and norepi-Afferent input is given to pyramidal cells and feed-forward interneurons. Each pyramidal cell makes recurrent excitatory connections to nephrine, extracellular postsynaptic potentials (PSPs) first were amplified using a WPI differential preamplifier and then recorded 20 surrounding pyramidal cells, the strength of these connections decays linearly as a function of the distance between the two cells. continuously before, during, and after perfusion of the drug(s) using custom written software on a 386 computer. Peak height was These connections are made via synapses, which elicit synaptic potentials with both fast time courses [a-amino-3-hydroxy-5-methylmeasured from traces averaged during a period of 100 s (10 trials). 4-isoxazolepropionic acid (AMPA)] and slow time courses [N-feed-forward interneurons during 120 ms. The response of the network was analyzed to determine how much neuronal activity methyl-D-aspartate (NMDA)]. Each feed-forward interneuron connects to 10 pyramidal cells. These synapses elicit synaptic potentials depended on afferent input and how much was due to ''spontaneous'' background activity. Activity was tested with varying levels with both fast (20%) and slow (80%) time courses representing GABA A and GABA B receptors. Both time courses have been demon-of suppression of feedback excitation and inhibition.
For each point in parameter space, we ran simulations with 50 strated in piriform cortex inhibitory potentials (Tseng and Haberly 1988) . Each pyramidal cell connects to five feedback interneurons randomly chosen input patterns. The signal-to-noise ratio as we define it here is the ratio of the average number of spikes elicited and receives input from the same five interneurons [via fast (80%) and slow (20%) synapses]. Feedback interneurons make feedback in pyramidal cells receiving direct afferent input divided by the average of the total number of spikes in all neurons during the inhibitory connections among each other (via fast synapses). A number of differences have been described between superficial and deep stimulus presentation. pyramidal cells in the piriform cortex (Tseng and Haberly 1989) , IMPLEMENTATION. In the simulations, the resting potentials of but this model does not have sufficient detail to address the functional neurons was used as the reference potential [i.e., resting potential role of this distinction.
is modeled as £(0) Å 0.0]. The evolution of interneuron membrane Afferent input from the lateral olfactory tract is simulated as potential £( t) around resting potential was described by a first 120-ms bursts of activity to pyramidal cells and feed-forward inter-order differential equation neurons. The amplitude of the input signal rises to its maximal value in 20 ms, stays constant for 60 ms, and decays back to
baseline during 40 ms. In the simulations described here, five randomly chosen pyramidal cells and feed-forward interneurons rewhere t is the charging time constant of the neuron, and I(t) is the ceived input.
total change in postsynaptic membrane potential due to synaptic CELLULAR EFFECTS OF NOREPINEPHRINE. A range of cellular input at time t. Time constants were set at 20 ms for pyramidal effects of norepinephrine were incorporated in the model, including cells and 5 ms for interneurons. All neurons were spiking. At each the physiological data described here. Effects of norepinephrine time step t, the probability P for a spike to be generated was a included the following: suppression of intrinsic excitation (feed-linear threshold function with saturation at a probability of 1.0 for back excitation) -as presented here, suppression of pyramidal cell high membrane potentials. The linear increase in spiking probabilinput to inhibitory interneurons (feedback inhibition) (Doze et al. ity starts at u min (the spiking threshold), and saturates at u max 1991), and depolarization of inhibitory interneurons (Doze et al. 1996; Gellman and Aghajanian 1993) . In the simulations, we analyze the effects on signal-to-noise ratio of variable degrees of suppression of feedback excitation and feedback inhibition. In addition, we analyze the effect of depolarization of inhibitory interneurons by 5 mV.
To test the enhancement of signal-tonoise ratio, a network with initial random connectivity was preIn the simulations presented here, u min Å 00.1 and u max Å 8.0 mV for all neurons. Thus in the absence of external input, neurons sented with randomly chosen sets of input patterns. Each input pattern consisted of continuous input to five pyramidal cells and had a spiking probability of 1.2%, and they reach their maximal J863-6 / 9k13$$ju36 08-05-97 10:25:38 neupa LP-Neurophys spike rate when their total depolarization was Ç8 mV above resting slices that showed a 24.3% suppression in the presence of membrane potential. After occurrence of each spike, the membrane 10 mM norepinephrine, perfusion of 10 mM carbachol caused potential was reset to resting potential.
a suppression of only 4.3% { 2.3 (n Å 5). Thus activation The principal neurons, the pyramidal cells, were composed of of noradrenergic receptors appears to cause stronger suppresthree elements: distal dendrites located in layer Ia, the proximal sion of afferent fiber synaptic transmission than the suppresdendrites located in layer Ib, and the soma, located in layer II. sion caused by activation of muscarinic receptors.
Each element received distinct synaptic input and made synapses with interneurons: the distal dendrites received excitatory afferent DOSE-RESPONSE CURVE FOR NOREPINEPHRINE. The dose reinput from the lateral olfactory tract and inhibitory input from sponse curve for norepinephrine is shown in Fig. 4 . At 1 feedforward interneurons; the proximal dendrites received recur-mM, norepinephrine suppressed Ib synaptic potentials by rent excitatory input from other pyramidal cells; the soma re-7.1 { 1.9% (n Å 7), 5 mM norepinephrine suppressed Ib ceived inhibitory input from feedback interneurons. Spikes were synaptic potentials by 49.3 { 4.9% (n Å 11), and, as noted initiated in the soma as a function of the resulting membrane po-above, 10 mM norepinephrine solution caused suppression tential. of 54.3 { 4.1% (n Å 12). However, when tested at 100 In each pyramidal cell element j, the evolution of the membrane mM, norepinephrine caused suppression not much stronger potential was computed as a function of the membrane potential than the 10 mM effect, decreasing potentials by only of the connecting compartments i and of the changes resulting 59.9% { 2.1 (n Å 5).
from synaptic input I(t)
GIC AGONIST EFFECTS. Figure 5 plots the dose response curve for norepinephrine against the dose response curve At the soma, spikes were initiated according to the probability for carbachol obtained in previous research (Hasselmo and function described above for interneurons.
Bower 1992). As can be seen in Fig. 5 , the IC50 for norepi-
The total input I j (t) to each element j is the weighted sum of nephrine ends up being similar to that of carbachol, but the changes in membrane potentials elicited at each synapse i plot for norepinephrine is steeper, with different effects at
lower and higher doses. Norepinephrine had a weaker effect in layer Ib at the 1-mM dose [norepinephrine: 7.1% vs. carbawhere V i (t) is the change in membrane potential due to presyn-chol: 23.8% { 4.1 (n Å 7), but its effect was similar to aptic transmitter release at synapse i, which is weighted by the carbachol at 5 mM (norepinephrine: 49.3%, carbachol: difference between the Nernst potential E ci and the current postsyn-45.0% { 6.9 (n Å 6)]. At 100 mM, norepinephrine again aptic membrane potential £ j (t), and w ji is the connection strength of had a weaker effect than that of carbachol (norepinephrine: the synapse. Nernst potentials are 70 mV above resting membrane 59.9%, carbachol: 68.6%.
potential for AMPA-and NMDA-type synapses, and 0 mV and 015 mV for GABA A -and GABA B -type synapses. The time course COMBINED EFFECTS OF NOREPINEPHRINE AND ACETYLCHOof postsynaptic conductance changes V i (t) due to presynaptic trans-LINE. The combined influence of these two modulators was mitter release is described by a dual exponential function analyzed in a set of experiments involving perfusion with the following protocol: control, norepinephrine, washout,
carbachol, washout, norepinephrine and carbachol combined, and washout. An alternate set of experiments started nephrine suppressed Ib synaptic potentials by an average of 55.7% { 7.0 (n Å 6) and 5 mM carbachol caused a mean R E S U L T S suppression of 45.0% { 6.9 (n Å 6). Subsequent perfusion Experimental data with a combined dose of 5 mM norepinephrine and 5 mM carbachol resulted in a mean suppression of 64.5% { 10.3 LAMINAR SPECIFICITY OF NOREPINEPHRINE. Norepinephrine (n Å 6). Thus at this dose, the combined influence of these caused selective suppression of excitatory synaptic potenmodulators is stronger than their separate influence. The tials. As shown in Fig. 3 , perfusion of the slice chamber modulators do not appear to cancel each other out, nor do with norepinephrine caused suppression of synaptic potenthey appear to have a strong synergistic effect. Rather, comtials elicited in layer Ib. A 10 mM norepinephrine solution bination of 5 mM concentrations of each substance appears resulted in an average suppression of 54.3% { 4.1%
to have an effect similar to a 10-mM dose of one substance. (mean { SE; n Å 12). In contrast, the noradrenergic supThis relationship was less clear at lower doses. As noted pression of synaptic potentials elicited in layer Ia was much above, perfusion of norepinephrine at 1 mM caused suppresweaker than noradrenergic suppression in layer Ib. A 10-sion of 7.1% { 1.9 (n Å 7), perfusion of carbachol caused mM solution of norepinephrine resulted in an average supsuppression of 23.8% { 4.1 (n Å 7), whereas perfusion of pression of layer Ia potentials by 24.3 { 3.7% (n Å 5).
1 mM norepinephrine combined with 1 mM carbachol caused However, this noradrenergic suppression in layer Ia was suppression of only 22.2% { 2.8 (n Å 7). Thus the effects much stronger than the cholinergic suppression of layer Ia of norepinephrine at this low dose may have been too weak synaptic potentials reported in previous experiments (Hasto cause an effect stronger than that of carbachol alone. The selmo and Bower 1992). Therefore, in our experiments, we time course for norepinephrine to cause suppression was directly compared effects of norepinephrine and carbachol on layer Ia synaptic potentials in the same slice. In the same slightly longer than that for perfusion of carbachol. When J863-6 / 9k13$$ju36 08-05-97 10:25:38 neupa LP-Neurophys FIG . 3. Suppression of synaptic potentials by norepinephrine is stronger in layer Ib than in layer Ia. Top: evoked synaptic potential in layer Ia recorded before (Control), during, and after (Washout) perfusion with 10 mM norepinephrine. Bottom: evoked synaptic potential in layer Ib recorded before, during, and after perfusion with 10 mM norepinephrine. Norepinephrine has a greater effect on intrinsic synaptic potential height.
both agents were perfused, sometimes it was possible to in the network in response to stimulation in the absence (modulation OFF) and in the presence (modulation ON) of distinguish an early carbachol suppression followed by a slower onset of a norepinephrine effect. a 60% suppression of feedback excitation. Pyramidal cells receiving input are indicated by arrows, stimulus onset and offset are indicated by arrowheads below the traces. With Modeling results no modulation, feedback excitation results in a large number SUPPRESSION OF FEEDBACK EXCITATION. The computer sim-of pyramidal cells showing increased spiking activities durulations show that in a network with high background activ-ing stimulation. In contrast, when feedback excitation is supity, suppression of excitatory transmission between pyrami-pressed by 60%, background activity is lower and increases dal cells (feedback excitation) enhances the signal-to-noise in spike rates are confined primarily to pyramidal cells reratio. Indeed, suppression of feedback excitation decreases ceiving direct afferent input. Figure 7B shows the average background activity and reduces the recruitment of cells that spike rates of each pyramidal cell during spontaneous and do not receive direct afferent input. Figure 7A shows mem-stimulus-driven activity in the absence (modulation OFF) brane potentials and action potentials of 16 pyramidal cells and in the presence (modulation ON) of suppression of feedback excitation. For each cell, the average output activity (number of spikes) during 120 ms is shown in each panel. Pyramidal cells receiving external input are indicated by arrows.
SUPPRESSION OF FEEDBACK INHIBITION. In addition to suppression of intrinsic excitatory synaptic transmission (present results), norepinephrine has been shown to suppress excitatory input from pyramidal cells to inhibitory interneurons in the hippocampus (Doze et al. 1991 (Doze et al. , 1996 . Our simulations show that suppression of excitatory input to interneurons (feedback inhibition), in addition to suppression of feedback excitation, can further enhance signal-to-noise ratio. Figure 8A shows membrane potentials and action potentials of 16 pyramidal cells in the network in response to stimulation in the absence (modulation OFF) and in the presence (modulation ON) of a 60% suppression of feedback excitation and 40% suppression of the excitatory input (Hasselmo and Bower 1992) . Effect of carbachol is stronger at low concentrations and at high concentrations, but IC50 is about equivalent. Effects of norepinephrine are shown for recordings in layer Ib (q) and in layer Ia (). Effects of carbachol are shown for recordings in layer Ib (᭺) and in layer Ia (ᮀ). Dotted lines show doseresponse curves fitted to data for effects of carbachol (Hasselmo and Bower 1992) , using standard equation for first-order kinetics
tation and feedback inhibition are suppressed, background of the effect of noradrenergic suppression of synaptic transmission in a fully connected network of excitatory pyramidal activity is lower and only pyramidal cells receiving external input have increased spike rates. In this case, pyramidal cells cells and inhibitory interneurons. These are equivalent to equations representing two excitatory neurons (representing receiving afferent input are more active in the presence of modulation than in the absence of stimulation. Figure 8B populations of neurons receiving direct afferent input-s, and those not receiving afferent input-n) and an inhibitory shows the average spike rates of each pyramidal cell during spontaneous and stimulus-driven activity in the absence neuron (representing the population of inhibitory interneurons in a region). This resembles the network analysis used (modulation OFF) and in the presence (modulation ON) of suppression of feedback excitation. For each cell, the average in previous articles Wilson and Cowan 1972) , with the threshold linear input-output funcoutput activity (number of spikes) during 120 ms is shown in each panel. Pyramidal cells receiving external input are tion replaced by linear input-output functions.
In this example, pyramidal cells receiving afferent input indicated by arrows. Note that the neurons receiving direct afferent input show higher response in this histogram com-are modeled with the activation variable s, pyramidal cells not receiving afferent input are modeled with the activation pared with the histogram presented in Fig. 7B. variable n, and interneurons are modeled with the activation PARAMETER SPACE. To verify these results, we ran a large variable i. If we assume that the number of neurons in the number of different simulations with varying amounts of network is large, the connectivity and input A are scaled to suppression of feedback excitation and feedback inhibition. the time constants of the neurons, and the input A is present For each point in parameter space, a new network with ran-on a time scale much larger than the time constant of the dom connectivity was constructed, and random input pat-neurons, then we can write the equations for the network as terns were presented to the network. The signal-to-noise ratio was computed across the full set of different simulations for
each parameter value as explained in the methods section.
The simulation results show that signal-to-noise ratio is max-
imal when both feedback excitation and feedback inhibition are suppressed (Fig. 9) . Suppression of feedback excitation of 40-60% led to increased signal-to-noise ratios. When
suppression of feedback inhibition also was included, the signal-to-noise ratio was considerably improved. In contrast, where A is the external afferent input to neurons s, w pp is modeling the direct noradrenergic depolarization of pyrami-the average connection strength between pyramidal cells, dal cells and depolarization of interneurons (Gellman and w pi is the average strength of excitatory connections from Aghajanian 1993) did not change the observed results (not pyramidal cells to interneurons, and w ip is the average shown). strength of inhibitory connections from interneurons to pyramidal cells. All connection strengths are normalized between ANALYSIS OF A SIMPLIFIED NETWORK MODEL. The simulations presented above used complex connectivity character-0 and 1. Note that we neglect feedback inhibition among interneurons for this example. istics and spiking neurons to analyze the influence of noradrenergic suppression of synaptic transmission on signal-toWe can then calculate the equilibrium state by setting ds/ dt Å dn/dt Å di/dt Å 0, and replacing i in the equations noise ratio. This effect also can be analyzed in a highly simplified network. Here we show a mathematical analysis for s and n Here it can be seen that suppression of recurrent excitation w pp increases the signal-to-noise ratio, but this effect depends on the relation of w pp to the product of w ip and w pi . As can be seen from this equation, the signal-to-noise ratio s/ n expressed here tends toward infinity as the value w pp approaches the product of w ip and w pi . Note that for the ratio to be positive, w pp must be greater than the product of w ip and w pi , and less than w ip * w pi / 1.
In our simulations, w ip was kept constant, and we varied w pp and w pi . In the simulations, w ip was chosen to be 0.6. We have computed the value of s/n for both w pp and w pi varying between 0 and 1. Figure 9B shows the values obtained with the same resolution used in the large scale spiking network simulations described above, illustrating a similar qualitative change in s/n to the change observed in the spiking network model (shown in Fig. 9A ). Figure 10 shows a higher resolution surface plot of the output of this equation (note that the plot of w pp has been reversed to allow better visualization of the surface). In this plot, decreases in w pp (going leftward) can cause a progressive increase in s/n up to the discontinuity, but the location of this increase depends on the value of w pi . Note that a similar plot would be obtained if w pi were kept fixed and w ip were varied.
The signal-to-noise increase in Fig. 10 is a continuous diagonal covering the full range of w pi values. This suggests that even with no change in w pi , it should be possible to enhance signal to noise just by changing w pp . But the effect on signal to noise with only changes in w pp was relatively subtle in the spiking network simulation. This is not just due to the interval for sampling the parameters. To explore reasons for the change in s/n across values of w pi , we modified the simple simulation to include firing threshold, a maximum firing rate, and feedback inhibition between inhibitory interneurons. These additional factors make the change in signal-to-noise ratio less consistent across the range of values of w pi , resulting in conditions in which increases of signalto-noise ratio were observed only when suppression of w pp was combined with suppression of w pi .
The simplified representation also allows analysis of the effect of neuronal adaptation on the steady state signal-to-noise ratio. Modulatory agents have been shown to alter neuronal adaptation in piriform cortex pyramidal cells, particularly in deep pyramidal cells (Tseng and Haberly 1989) . In our previous articles , we modeled adaptation activation via an increase in inhibitory current proportional to the coefficient m times intracellular calcium, as represented in
the following equations
In this network, the signal-to-noise ratio can be analyzed easily as the ratio of s to n (the activation of neurons receiv- 
The experimental results presented here demonstrate that norepinephrine suppresses synaptic potentials elicited in the dc s dt Å Vs 0 gc s , dc n dt Å Vs 0 gc n intrinsic fiber layer of the piriform cortex (layer Ib) while having a weaker effect on synaptic potentials elicited in the In the steady state, this adds an inhibitory component to afferent fiber layer (layer Ia). This suggests that noradrenereach excitatory population dependent on its own activation gic modulation acts to decrease excitatory transmission bebut not that of the other population. This additional inhibitory tween pyramidal cells in the cortex, while having less influcomponent therefore influences only the numerator of the ence on the afferent input to the cortex from the olfactory signal-to-noise equation bulb. In a computational model of the piriform cortex, this selective suppression of feedback excitation enhances signal-
to-noise ratio, increasing the number of spikes generated by pyramidal cells receiving afferent input relative to the numThis yields the somewhat paradoxical result that the reduc-ber generated by other pyramidal cells in the cortex. tion in adaptation induced by norepinephrine actually should reduce the signal-to-noise ratio due to reduced adaptation of Relation to other physiological data on norepinephrine the neurons not receiving direct afferent input. However, this effect on signal-to-noise ratio will appear more slowly
The effects of norepinephrine reported in layer Ib are consistent with previous physiological results from the due to the slower time constant of neuronal adaptation. piriform cortex ( Collins et al. 1984; McIntyre and Wong The results presented here are also consistent with some of the data from other cortical structures. Noradrenergic 1986; Vanier and ) . We did not observe the increase in synaptic potentials reported during perfu-suppression of excitatory synaptic potentials has been reported at the mossy fiber synapse in region CA3 ( Scanzision of high concentrations of norepinephrine in tangential slices ( Collins et al. 1984 ) or in layer Ia in transverse ani et al. 1994 ) , in stratum radiatum of CA1 ( Mody et al. 1983 ) , and in somatosensory cortex ( Dodt et al. 1991 ) . slices ( Vanier and Bower 1992 ) . There are a number of differences between the field potentials observed in tan-However, other researchers have reported that norepinephrine and alpha-adrenergic agonists do not change field gential slices compared with those obtained in transverse slices that could underlie this difference. In fact, the slight EPSP amplitude in hippocampal region CA1 ( Madison and Nicoll 1988; Mueller et al. 1981 ) . They suggest that reversal of suppression at high doses of norepinephrine observed here could be related to the increase seen in noradrenergic inhibition of population spikes is due to activation of inhibitory interneurons ( Mynlieff and Duntangential slices. The basis for the difference with previous work in transverse slices is not clear but could be due widdie 1988 ) , but this does not address noradrenergic effects on excitatory field potentials ( Mody et al. 1983 ) to differences in stimulation parameters. As described in the INTRODUCTION, differences of stimulus intensity and and intracellularly recorded excitatory synaptic potentials ( Dodt et al. 1991; Scanziani et al. 1994 ) . Again, it is drug dosage can influence the modulatory change observed ( Mody et al. 1983; Mueller et al. 1981 ) , suggesting possible that these differences result from details of stimulation or dosage or could be due to differences in norepithat norepinephrine may have qualitatively different effects in specific conditions ( i.e., depending on the magni-nephrine reuptake mechanisms or receptor desensitization in different slice preparations. tude of cortical activation ) .
J863-6 / 9k13$$ju36
08-05-97 10:25:38 neupa LP- Neurophys FIG . 9 . Signal-to-noise ratio as a function of feedback excitation and inhibition in spiking network model (A) and in simplified mathematical analysis (B). A: for each point in parameter space, 50 networks were constructed and presented with random input patterns. Signal-to-noise ratio is computed as number of spikes generated by neurons receiving input divided by total number of spikes during time of input presentation (120 ms). Suppression of feedback excitation and suppression of feedback inhibition are varied from 0 to 100% in 20% steps. Maximal signal-to-noise ratio occurs when feedback excitation is suppressed by 60% and feedback inhibition by 40%. B: equation for s/n ratio presented in results section was used to generate values of s/n for same parameter values presented for spiking network model. Note a similar qualitative structure to change in signal-to-noise ratio.
The effects of norepinephrine shown here are consistent somatosensory afferent input during iontophoretic application of norepinephrine (Waterhouse and Woodward 1980 ) with the reported antiepileptic effect of noradrenergic agonists. This antiepileptic effect would be surprising if the only could be partially due to the suppression of excitatory synaptic transmission in somatosensory cortex (Dodt et al. 1991) . influence of norepinephrine were to suppress excitatory input to interneurons or to suppress adaptation in pyramidal cells. The possibility that noradrenergic suppression is selective for particular subsets of synapses in neocortex as well as Noradrenergic suppression of excitatory intrinsic synaptic transmission could prevent the initiation and spread of run-piriform cortex is supported by data showing selective noradrenergic innervation of different layers in the neocortex away excitatory activity in cortical structures, which could contribute to an antiseizure effect in piriform cortex (McIn-(Morrison et al. 1982) . In addition, the decrease in background activity reported in the hippocampus during noradtyre and Wong 1986) and hippocampus (Mueller and Dunrenergic modulation (Curet and de Montigny 1988; Segal widdie 1983) .
and Bloom 1974 Bloom , 1976 could be due to suppression of excitatory transmission at synapses in region CA3 or CA1 Signal-to-noise ratio of the hippocampus (Mody et al. 1983; Scanziani et al. Computational modeling demonstrates that the suppres-1994) . Application of norepinephrine also has been shown sion of excitatory synaptic transmission between pyramidal to enhance the response of cortical neurons to sensory stimuli cells effectively enhances the signal-to-noise ratio in re-in other modalities, including auditory sponse to input. Thus the noradrenergic suppression of syn-and visual (Kasamatsu and Heggelund 1982; Madar and aptic potentials shown here could contribute to the frequent Segal 1980) . Acetylcholine has an effect on synaptic transobservation of enhanced signal-to-noise ratio during activa-mission similar to that of norepinephrine. This suggests that tion of noradrenergic receptors in cortical structures.
acetylcholine should likewise enhance responsiveness to afThese results can be used in consideration of results from ferent input relative to intrinsic activity. Evidence for cholina wide range of physiological experiments. For example, ergic enhancement of the response to sensory stimuli has in fact been demonstrated in the primary visual cortex (Sillito our modeling suggests that the enhancement of response to J863-6 / 9k13$$ju36 08-05-97 10:25:38 neupa LP-Neurophys
We tested the effect of direct depolarization of neuronal membrane potential on signal-to-noise ratio but, surprisingly, did not see any significant effects of this depolarization on signal-to-noise ratio within the spiking network model. The model presented here focuses on exploring specific cellular mechanisms for the change in signal-to-noise ratio. In contrast, previous modeling work on signal-to-noise ratio focused on modeling noradrenergic effects in specific behavioral paradigms rather than the cellular mechanisms for this change in signal-to-noise ratio (Cohen and Servan-Schreiber 1992; ). This previous work used connectionist networks to explore how changes in signal-to-noise ratio might influence behavioral function. In those models, changes in signal-to-noise ratio were modeled by changing the gain of a sigmoid input-output function, resulting in changes in network function corresponding to some of the behavioral effects observed in continuous performance tasks. This change may be a reasonable simplification of the change in circuit dynamics caused by norepinephrine and provides an effective framework for modeling behavioral paradigms, but it does not address the cellular phenomena underlying these changes in circuit dynamics.
The results presented here suggest that the phrase signal-FIG . 10. Surface plot of signal-to-noise ratio changes across a wide to-noise ratio may not be appropriate for describing the range of values as generated by mathematical analysis presented in RESULTS . change in cortical dynamics induced by norepinephrine. In tions, or expectation about upcoming stimuli in the environment, or interpretation based on the current internal interand Kemp 1983) and in auditory cortex (Ashe and Weinber-pretation of the world. Suppression of intrinsic and associager 1991; Metherate and Weinberger 1990). tion fiber synaptic transmission by norepinephrine will Other cellular effects of norepinephrine also could con-decrease the influence of internal representations relative tribute to the change in signal-to-noise ratio (see review of to afferent input. This change in focus from internal reprethese effects in Hasselmo 1995) . For example, experiments sentations to outside stimuli can account for behavioral have demonstrated noradrenergic suppression of inhibitory evidence for enhanced function in tasks testing ''attensynaptic potentials (Doze et al. 1991; Jahr and Nicoll 1982; tion,'' and it could account for the enhanced accuracy of Trombley and Shepherd 1991). In both the olfactory bulb learning found during the increased release and decreased and the hippocampus, the disinhibition appears to be primar-reuptake of norepinephrine induced by amphetamines. ily due to suppression of excitatory synaptic transmission However, using the term noise implies that the background from pyramidal cells to interneurons (Doze et al. 1991 ; activity in the presence or absence of stimulation is random, Trombley and Shepherd 1991). In our model, suppression neglecting its dependence on the structure of intrinsic excitof excitatory synapses between pyramidal cells increases the atory connectivity. signal-to-noise ratio of these cells but does not increase their average firing rates in response to external input. However, Relation to behavioral data if excitatory input from pyramidal cells to inhibitory neurons also is reduced, pyramidal cells respond more strongly to Noradrenergic modulation appears to make afferent input afferent input and the signal-to-noise ratio is further en-the dominant influence on cortical dynamics. As described hanced. The parameter values for a maximal enhancement in previous theoretical work (Hasselmo 1995; of the signal-to-noise ratio in the spiking network model lie Bower 1993), enhancing the relative influence of afferent in the range of the effects observed experimentally: 60% versus intrinsic excitation could be important for the storage suppression of excitatory connections between pyramidal of new information, preventing interpretation of sensory incells and 40% suppression of excitatory connections from put based on previous learning from interfering with the pyramidal cells to interneurons.
formation of a new representation. In addition, the enhanced Norepinephrine may directly influence the resting mem-influence of afferent input could be important for enhancing brane potentials of interneurons (Doze et al. 1996) and pyra-the detection of subtle features of sensory stimuli. The promidal cells (Segal 1982 ). This appears to result in increases posal that noradrenergic modulation sets appropriate cortical in spontaneous inhibitory synaptic potentials when recording dynamics for monitoring and storage of external stimulation from pyramidal cells in the piriform cortex (Gellman and is supported by single-and multiunit recording in the locus coeruleus. Locus coeruleus neurons show strong activity Aghajanian 1993) and hippocampus (Doze et al. 1991 Behavioral data suggest that acetylcholine and norepinephaddition, lowest activity levels were noted during paradoxical sleep.
rine may have similar influences on normal memory function, allowing either endogenous substance to replace the effects of Thus physiological data suggests that norepinephrine should set the appropriate tone for storage and detection of the other. Thus combined blockade of both muscarinic and noradrenergic receptors appears to influence memory function salient behavioral information. This is supported by psychopharmacological work. Memory function can be impaired more strongly than blockade of individual receptors (Decker et al. 1990; Kobayashi et al. 1995) , and amphetamines can by blockers of adrenergic receptors (Hartley et al. 1983; Li and Mei 1994) . Amphetamines, which enhance the release decrease the encoding impairment caused by scopolamine (Mewaldt and Ghonheim 1979) . However, memory deficits of norepinephrine, have been shown to enhance memory function in humans when administered before initial acquisi-caused by lesions of cholinergic innervation in rats can be decreased by lesions of noradrenergic innervation, suggesting tion (Mewaldt and Ghonheim 1979) or immediately after acquisition (Soetens et al. 1995) . In rats, amphetamines en-that a proper balance of neuromodulators is necessary (Sara et al. 1992) . Studies on the primary visual cortex of cats suggest hance retrieval when administered directly after acquisition or immediately before retrieval (Sara and Devauges 1989 ; that both modulators are necessary for formation of ocular dominance columns during the critical period of visuocortical Sara and Deweer 1982) . The enhancement of retrieval may be due to greater sensitivity to sensory cues. Adrenergic development (Bear and Singer 1986) . Lesions of both cholinergic and noradrenergic fiber bundles passing dorsal to the corpus agonists have been shown to enhance memory function in delayed-response tasks in primates (Arnsten and Contant callosum block the reorganization of orientation columns, thereby preventing changes in ocular dominance due to the 1992).
Within the olfactory system, noradrenergic modulation absence of visual input from an occluded eye. As shown here, norepinephrine and acetylcholine do not has been implicated in a number of behaviors. Encoding of male odors in mice appears to depend on noradrenergic cancel each other out, nor do they have a strong synergistic effect. Rather the combined dose of both modulators appears innervation (Brennan et al. 1990) , and olfactory learning in neonatal rats appears to be especially vulnerable to disrup-similar to a single dose of one modulator. These data and the similarities of effect of norepinephrine and acetylcholine tion of the noradrenergic system Aspects of this learning appear to involve raise the question of why separate modulators are necessary.
However, regulatory mechanisms of noradrenergic influnoradrenergic influences on olfactory bulb responses (Wilson and Sullivan 1991), but noradrenergic influences in the ences have a completely different anatomy; differences between the two neuromodulators may not be so much in their piriform cortex also appear to be important, because olfactory bulb responses alone do not encode the reinforcement physiology as in the pathways leading to their effects, allowing separate regulatory influences on the same set of valency of odors . Lesion data shows that analysis of odor significance appears to involve effects. Noradrenergic innervation of the cortex arises primarily from the locus coeruleus , whereas structures further along in the olfactory system, including the amygdala and piriform cortex (Staubli et al. 1987 ; Sulli-cholinergic innervation of the cortex arises from a series of nuclei in the basal forebrain (see Mesulam et al. 1983 for van and Wilson 1993) . Thus noradrenergic effects in the piriform cortex may be important for the setting appropriate review): the neocortex receives innervation from the nucleus basalis of Meynert (Ch4), the piriform cortex receives indynamics for storage of olfactory information.
nervation from the horizontal limb of the diagonal band of Broca (Ch3) (Gaykema et al. 1990; Wenk et al. 1977) , and Effects of norepinephrine and acetylcholine the hippocampus receives innervation from the vertical limb of the diagonal band of Broca (Ch2) and the medial septum As shown here, the selective suppression of excitatory synaptic transmission by norepinephrine is very similar to the selec-(Ch1) (Frotscher and Leranth 1985; Gaykema et al. 1990 ).
These anatomic pathways may be under very different regutive suppression of transmission by acetylcholine (Hasselmo and Bower 1992) . Many of the other effects of norepinephrine latory influences, allowing separate mechanisms for the control of afferent versus intrinsic excitation. The locus coeruin cortical structures are similar to the effects of acetylcholine, including the suppression of neuronal adaptation (Barkai and leus may be more selectively sensitive to general environmental context, whereas the cholinergic nuclei may play a Hasselmo 1994; Madison and Nicoll 1986) , depolarization of pyramidal cell membrane potentials, the enhancement of spon-role more directly related to the novelty or familiarity of specific sensory stimuli (Hasselmo 1995; Hasselmo and taneous inhibitory potentials (Gellman and Aghajanian 1993; Patil and Hasselmo 1997) , and the suppression of evoked in- Schnell 1994; Hasselmo et al. 1995) . Thus independent regulatory mechanisms may converge to modulate the cellular hibitory synaptic potentials (Doze et al. 1991; Patil and Hasselmo 1997) . Considering its similarity with other effects of parameters underlying signal-to-noise ratio. acetylcholine, it is perhaps not surprising that norepinephrine
